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This paper reviews the options of using Atomic Layer Deposition (ALD) in passive and heterogeneous integration. The miniaturization intended by both integration schemes aim at Si-based integration for the former and at die stacking in a compact System-in-Package for the latter.
In future Si-based integrated passives a next miniaturization step in trench capacitors requires the use of multiple 'classical' MOS layer stacks and the use of so-called high-k dielectrics (based on HfO 2 , etc.) and novel conductive layers like TiN, etc. to compose MIS and MIM stacks in 'trench' and 'pore' capacitors with capacitance densities exceeding 200 nF/mm 2 .
One of the major challenges in realizing ultrahigh-density trench capacitors is to find an attractive pore lining and filling fabrication technology at reasonable cost and reaction rate as well as low temperature (for back-end processing freedom). As the deposition for the dielectric and conductive layers should be highly uniform, step-conformal and lowtemperature (≤ 400 °C), ALD is an enabling technology here, by virtue of the self-limiting mechanism of this layer-by-layer deposition technique.
This article discusses first a few examples of LPCVD deposition of conventional MOS layers with ONO-dielectrics and in situ doped polycrystalline silicon, both as single layers and multilayer stacks. In addition, a few options for ALD deposition of thin dielectric and conductive layers (e.g. HfO 2 -and TiN-based) will be discussed. The silicon substrates that were used contained high aspect ratio (≥ 20) features with cross-section and spacing of the order of 1 µm.
Introduction

Challenges in passive and heterogeneous integration
In the past decade the integration of passive components in silicon and the further 3D integration and stacking of individual chips from different technologies (e.g. CMOS, GaAs, MEMS) into one package ('heterogeneous' integration) have been developed to such an extent that now the first mass-volume production has started. Today, the International Technology Roadmap for Semiconductors includes the future projections for the next generation Si-based Integrated Passives and System-in-Package (SiP) integration (1) .
Recently the first highly integrated cellular RF transceiver systems based on the use of these technologies were launched (2). Here, amongst others, Philips (now NXP) Semiconductors utilizes back-end silicon processing to integrate passive components onto a silicon substrate that can act as a carrier for the heterogeneous integration of active component dies, MEMS dies, etc. (3). As an example, a transceiver IC can be flip-chip mounted onto this passive component silicon substrate, thus minimizing interconnect parasitics and footprint area. This sub-assembly is then flipped back into a standard lead frame package (3), see The passive die is made in the so-called PICS (Passive Integration Connecting Substrate) technology developed to integrate passive components such as high-Q inductors, resistors, accurate MIM capacitors and, in particular, high-density (~30 nF/mm 2 ) MOS 'trench' capacitors for decoupling and filtering. These are fabricated in silicon by dryetching arrays of high aspect ratio macropores with cross-section and spacing of the order of ~ 1 µm, and up to ~30 µm depth. Trench capacitors filled with ~ 30 nm silicon oxide and nitride ('ONO') dielectrics and a poly-Si/ Al top electrode showed superior dielectric breakdown voltage (30 V typical), and very low leakage current and long lifetime (4, 5) .
A next miniaturization step includes the use of so-called high-k dielectrics (based on HfO 2 , etc.) to compose MIS and MIM trench and pore capacitors with increased capacitance densities of ≥ 200 nF/mm 2 . Capacitance enhancement techniques are known from CMOS technology (6) . Recently, 3D MIM decoupling capacitors integrated in the BiCMOS technology interconnect levels have been reported to have 35 nF/mm² capacitance density (7) .
In this paper we address the challenges and opportunities in realizing ultrahigh density macropore and -trench capacitors with sufficient breakdown voltage. One emerging technique to accomplish this on flat substrates, is the growth of MIS layer stacks containing so-called 'high-k' dielectrics and metallization layers, both grown by Atomic Layer Deposition (ALD). However, the application of ALD onto wafers with high aspect ratio features leads to additional challenges: the roughness on the feature sidewalls may cause undesired lower breakdown voltages. Also the formation of interfacial oxide layers may lead to undesired lower relative dielectric constants.
The second, alternative way to reach ultrahigh capacitance density is to use the conventional techniques (mainly LPCVD) for depositing a double (or multiple) MOS layer stack in the pore and trench arrays with even thinner 'ONO'-based dielectrics. Note, that the temperatures used in conventional processing do not allow their use in back-end processing, whereas ALD temperature budgets do.
Atomic Layer Deposition, perspectives and limitations
One of the major challenges in realizing ultrahigh-density trench capacitors is to find an attractive pore lining and filling fabrication technology at reasonable cost and reaction rate as well as low temperature (for back-end processing freedom). The deposition of the dielectric and conductive layers should be highly uniform and step-conformal and lowtemperature (≤ 400 °C). Here ALD is an enabling candidate by virtue of the self-limiting mechanism of this layer-by-layer deposition technique. A substrate surface is submitted to alternating exposures to vapors of two reagents, for example, trimethylaluminum (TMA) and water vapor in the case of Al 2 O 3 deposition. Through its self-limiting surface reactions, ALD enables the uniform lining or filling of high aspect ratio pores with (sub)monolayer control. The self-limiting character provides inherent conformality, as even demonstrated for challenging devices like deep DRAM trench capacitors with ~60:1 aspect ratios at design rules below 100 nm (7) . Yet, ALD processing improves the production of many other devices with a large topology, such as via holes in stacked dies, MEMS, planar waveguides, multilayer optical filters, and layers protecting against diffusion, oxidation, corrosion, etc.
Experimental
Highly conductive silicon (100) substrates were used or high resistivity (> 5 kΩ·cm) substrates that were phosphorus-doped in the macropore regions later in the process. The macropore arrays were dry-etched in wafers with 150 mm diameter. We used Reactive Ion Etching with the so-called Bosch process in an inductively coupled plasma reactor, using a 1 µm oxide hard mask and optionally a 1.3 µm pohotoresist on top of the wafers.
Single conventional MOS layer stacks were deposited as described earlier (8) . The 30 nm dielectric 'ONO' layer is grown by thermal oxidation, silicon nitride deposition by LPCVD and TEOS oxide deposition, respectively. This is followed by LPCVD of ~ 0.5 µm in situ phosphorus-doped polycrystalline silicon. More details were published elsewhere (8) .
Double conventional MOS capacitor stacks (' MOMOS ') were designed in such a lay- out that the electrical characterization could be carried out at both the individual single capacitor and at the double capacitor level. Basically the growth sequence is performed twice, with one exception: the second ONO-layer starts with a TEOS deposition instead of thermal oxidation. This is done in order to keep the first polysilicon non-oxidized, preventing additional roughening of this polysilicon layer (9) . The total dielectric layer thickness varied from 16 to 40 nm and the n-type poly-silicon layer thickness remained of the order of ~0.5 µm.
ALD-grown capacitors
Macropore array substrates were used for the growth of various structures of which we report on two examples: 1) a stack of ONO (total 30 nm, grown as above), and 10 nm TiN deposited on top with plasma-assisted ALD at 400 o C using TiCl 4 vapor dosing (order ~1×10 4 L) in combination with H 2 -N 2 plasma exposure (p N2 =1 mtorr, p H2 = 10 mtorr). More details are described elsewhere (10) . 2) a stack of Al 2 O 3 /HfO 2 /Al 2 O 3 , grown in O 3 plasma with ALD from trimethyl aluminum (TMA) at 380 o C and from tetrakis (ethylmethylamino)hafnium (TEMAHf), at 400 o C, with a 0.5 µm n-type poly-silicon layer deposited on top, as described previously (11) .
Structural and electrical characterization
The layer stacks grown were further processed into capacitor test structures as described previously (3, 8) for electrical testing.
Results and discussion
Classical MOS capacitors
Since we have reported extensively on the growth and the electrical performance of single MOS stack capacitors in pore arrays (3-5, 8, 10) , we will focus on the double MOS stacks here. Figure 2 shows a cross-section SEM image of a double MOS stack grown in high aspect ratio (~20) macropores. The thickness uniformity of the individual layers across he pores is 'ideal' and equal to that for the single MOS stacks that we have typically published in recent years. Figure 3 shows images of the stages in the growth of a double MOS stack in a high aspect ratio 3D-trench array. This design contains an open space between the features, which facilitates the transport probability of the gaseous reagents and products, both during etching and layer stack coating of the features. This is illustrated in Fig. 4 , which displays the transport probability of particles as a function of aspect ratio and length/width ratio of pores and trenches. The curves are obtained by a Monte Carlo simulation of the molecular flow conductance based on Knudsen transport of particles in the features (12) . It is evident that molecular flow conductance limits free diffusion most in pores and the least in more open 2D structures. In our case this limitation is even less because of our 3D trench design. The electrical testing of these double stack capacitors revealed capacitance densities as high as 230 nF/mm 2 with a breakdown voltage of 11.7 V for the thinnest dielectrics (~16 nm ONO, with maximum nitride) on the highest aspect ratio (~20) features. For comparison, a single stack capacitor on lower aspect ratio (~15) features with ~20 nm ONO revealed 80-90 nF/mm 2 with a breakdown at 15.5 V. Figure 4 . Transport coefficients obtained by Monte Carlo simulation. After J. Kiihamäki (12) . Illustrated is the enhanced transport in features (pores and trenches) with longer 2D cross-section (Length/Width) and lower aspect ratio.
ALD grown capacitors
The TiN plasma-assisted ALD (PA-ALD) process based on TiCl 4 yielded thin TiN films with an excellent resistivity (130 µΩ·cm, compared to ~800 µΩ·cm for poly-Si) and low impurity levels (C, H, Cl, etc.) surpassing the material quality achieved with the usual thermal process employing NH 3 dosing (10).
TiN films deposited by plasma-assisted ALD for application as electrode material in trench capacitors have been explored. In terms of acceptable material quality the thermal process is limited to the substrate temperature range of 300-400 °C while the plasmabased process can yield fair material properties down to temperatures as low as 100 °C. Figure 5 shows TEM images of a MOS stack of 30 nm 'ONO' with PA-ALD TiN and LPCVD poly-Si on top grown in 30 µm deep pores. It appeared that the layer thickness along the pores was very uniform. The same holds for the Al 2 O 3 / HfO 2 / Al 2 O 3 stack shown in Fig. 6 . This stack is covered by poly-Si and showed 120 nF/mm 2 capacitance density. This is lower than one might expect based on the nominal thicknesses (3 nm Al 2 O 3 / 10 nm HfO 2 / 3 nm Al 2 O 3 in our structure should yield ~ 50 % more) and we ascribe the discrepancy mainly to the interfacial SiO 2 layer that is prominently present. We note, that after wafer cleaning by HF-dipping our measures to preclude oxidation of the etched pores were not optimal. 
Concluding remarks
We have shown that ultrahigh density (> 200 nF/mm 2 ) capacitors can be manufactured by classical layer deposition (LPCVD) of MOS capacitor stacks in high aspect ratio macropore and trench shaped substrates and by Atomic Layer Deposition of MIS layers in macropore arrays. With the former method we have shown :
• ~30 nF/mm 2 capacitance density with breakdown voltages (V bd ) of 30 V for single MOS capacitor stacks grown in macropore arrays. • higher capacitance densities, up to 80-90 nF/mm 2 for single MOS stacks with thinner dielectrics (~20 nm), withstanding up to ~15.5 V. • over 200 nF/mm 2 capacitance densities with breakdown voltages of 11.7 V for double MOS capacitor stacks with ~ 16 nm dielectric layers grown in trenches. • ~120 nF/mm 2 capacitance density for a single Al 2 O 3 / HfO 2 / Al 2 O 3 MIS capacitor stack; this can be further improved by measures to suppress spontaneous oxidation of the Si-substrate. The results of our current study on the ALD growth and electrical performance of ALDgrown Al 2 O 3 /TiN multilayer stacks in pore and trench arrays will be published soon (13) .
Compared to LPCVD, Atomic Layer Deposition offers more freedom of back-end (low-temperature) processing and combining with other 3D heterogeneous integration schemes e.g. for seed and diffusion barrier layers (14) in via interconnect structures (with)in the same substrate.
In conclusion, there is a bright prospect for ALD in passive and heterogeneous integration. One provision is that ALD be further developed to maturity and cost factors (e.g. the low wafer throughput due to its slow deposition rate) are reduced. Here, the development of ALD at the batch level for mass manufacturing may compensate for the low growth rates in single-wafer ALD.
